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1. Introduction and Scope

This document is structured asléals. Section 2 gives abroad overvier of the RTTOV v13 fast radiative transfer
model.Section 3 provides hbrief introduction to the key concepts invotén running RTTOVand it is recommended

to all users. Swion 4 provides details of all changes sif®ETOV v12: this isintended to be aeferenc for users
upgrading fronv12 and existing users ateghly recommendedto read it carefully as some default values and internal
calculations have changesince v12resulting in modified outputsSection 5 give the irstructions for compiling
RTTOV, werifying the build and more generally, for running the test suite. Section 6 provides a reference for the
RTTOV libraries, &ecutablessubrodines and derivedypes Section 7 provides a detailed stdpy-step guie for
implementing RTTOV in your own appication. Section 8 gies details ofthe varioussimulation capabilitiesof
RTTOV: you should consult the parts of this seaticelevantto your application. Sean 9 lists the limitations of
RTTOV v13. The proceduwr for reporting bugs or learning about kown bugs is given inextion 10.Finally, a
frequently asked questions (FAQ) sectmd glssary argprovided in sectios11 and 12 This document relates to
version 13 of the RTTOV code and all its sulbersions (B.x). The document is orly updated with Bw minor releases

of RTTOV v13: the document version is given in the headdm obtaina copy of the RTTOW13 code go to
https://nwpsaf.eumetsat.int/site/regist@and registeon the wéste. Once you are registered you can lagand cick

on the ASoftware Downl oadwld onteiyoukagrdedo the liderce you witebblée o RT T O
downloal the code immedizly.

RTTOV v13is an evolution of RTOV v12, addingard upgradng many featues as documented hefthe RTTOV
v12 code is stillavailable buttannot be guaranteed to be upgraded for new instruments and capAbdligyificant
update h RTTOV v13 is a mew opgical degh parameterisation basaih newfivl3 predctord. New optical depth
coefficient filesare available bsed on thenew predctors formanysupported sensqrand these are the recommended
onesfor use wth RTTOV v13. Any coefficientsnot available in the package or on RETOV website (https://nwp
saf.eumetsat.int/site/software/rttov/download/coefficients/coefficieminload) can be requestefdlom the NWP SAF
Helpdesk littps://nwpsaf.eumetsat.int/site/helesk). RTTOV v13remairs fully compaible with all existing RTTOV
v12 optical depthcoefiicientfiles baed on the v7, v8 and v9 mlietors and these remainvailable to download from
the RTTOV website More details on thiare given below

The RTTOV v13 Science and Validation Report desribes or gives links to the isatific basis ofthe modd and
describs in more detaithe new scietific changes madelhe RTTOV v13 Test Plan and Test Lapcumenthe tess
carried out a the rew code before delivery. The most up to daesionsof these reportsncluding this user guide, can
be viewed at the NWP SAF eesite: https://nwpsaf.eumetsat.int/site/software/rttoii pdf format on he RTTOV
pages. There is also eformanceTest Logwhich documentshe rin times d RTTOV v13.0 on a £w platfoms and
compares tbse 0 theequivalent RTTOVv12.3run times.

2. Overview of RTTOV v13

This secibn gives abrief oveview of theRTTOV v13 model. More detds can be foundn the referencegiven in ths
section.RTTOV v13is a development of the fastdiative transfer model foaTOVS, RTTOV, originally developed at
ECMWF in the early 905 (Eyre, 199) for TOVS. Siseaqently the original code has gone throuly several
develpments (e.g. Saunds et al, 1999; Matricardiet al, 2001 Saunderset al, 2018, more recently within th
EUMETSAT NWP Satellite Aplication Facilty (SAF), of whichRTTOV v13is the latest vasion. The model allows
rapid simulations (4 ms for 40 chamel ATOVS on a dedlop PC) of adiances for saflite visible, infrared or
microwawe nadir scanning radioness given an atmospheric gile of temperure, \ariable gasconcentratns cloud
andsurface properties, fferredto as the stateector. The ot mandatory variat# gas foRTTOV v13is watervapour.
Optionally ozone, carbon alide, nitrous oxide, mhene carbon monoxidend siphur dioxidecan be wariable with
all othercondtituerts asumael to be constanfThe st&e vector forRTTOV v13is given in AnnexO. RTTOV v13 can
acept input profies on any defined set of pressunreels. The range of tempeures and water vapour cardrations
overwhich the opticaldepth comptatons ae vald depends on the traing ddasets which wee used. This islefined
in the cofficient file and forRTTOV v13is mainly based on th@l-level 83 diverse profile datasércom ECMWF
analyses for fmperature, watevapou and ozonghttps://nwpsaf.eumesat.int/site/software/atmospheiicofile-dataj.
For other gaes a range of profile datasets were used bas@dodels and measurementhe limitsfor temperéaure,
water vapour anezone are given in Table 1 These aralerived from the strct profile datast minimum/maximum
envelopes byapplying a striehing factor (+/-10% for temperaturenax/min respectivelyand +/-20% for each gas

5
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max/mir). TheRTTOV v12- andv13-format coefficient filescortain the strict min/max envelopeghe limits that are
applied within RTTOV are calculatedvhen the coiicients are rad in More details on the profile datasets usedtfer
different gases can be found in tleardi (20@). The training profiles usedor RTTOV v12 andv13 coefficientsare
intended to bevalid overthe wholesaellite era from1970 andrnto the 2020s. Téy are described in the RTTOV v12
Science and Validain Report Sulphur dioxide was addeas an optiorlavariable gaslater, andthe training profiles
used forthis arealso described in thRTTOV v12 Sciene andValidation Reprt. The majorfy of RTTOV v12 ard
v13 coefficient files are based on the &WVds shown in Table 1 though coefficiets for hyperspetral sounders are also
avallable on 101 levels

The spectralange of the RTTOW13 modelin the visble/infrared § 0.4100 microns (007 25000cm?), governedoy
the range of the LBLRTM lie-by-line dataets on which the coefficients ebasedIn the microwave the frequency
range isfrom 117 800 GHz which is cowed using the Lieb&89 MPM line-by-line mald. The ful list of currently
suwpportal platfoms andsersors is given in Tables 2 dr3. This listis updated as new sensors arenizhed. Br the
visible/R sensors, thehannel ader can either be decreasingincreasing with wavelengthndin sane ass (e.g.
MTSAT imager) it is notmonobnic wavéength order, rather being defined agling to instument conventionThe
channel ordr can ke seerby using therttov_coef _info.exetool to print out iformation dout the coefficient file(see
Annex A), or by looking at thepageon the RTTOV websitevhich gives information aboti the spectral rgmnse
functions or pass brals for eab instument
https://nwpsaf.eumetsat.int/site/software/stdownload/coefficients/spectradsponsdunctions/

New or uplated coeficient fileswill be made available frorthe RTTOV pages on the NWP FAweb sitefor the latest
RTTOV verson. Coefficients for sensors #h ae notcurently supmrted may be requesd via the NWP SAF helpde

An important feature fothe RTTOV model b that it notonly computes the forwardo( direct) radiative transfer
calculation but also the gradient difie radiances with respect todtstde vector variales at the location irstate space
specified by heinput state vector valgseGivena state vetor, X, a radance vectory, is compute:

y =H(x) 1

where H is the radiative tranef model (also referred to asdtob&rvaion operata). The Jacobian makiH gives the
change in rdiance U yfor a change in any element of thatetvectori xassuming a linear relationship about a given
atmospheric staten:

Uy H( x (2)

The elements dfl contain the partial derivativesi/ux; where the sulesipti refers to channelumber andj to position

in state vector. Theagobian gives the tepf-atmosphere radiance change for each channel given unit perturbations at
each respective level of the profile vectors and in each of the surface/cloud pesaiheteows clearly, foa given

profile, which layers in the atmospheage most sensitive to changes in temperature and variable gas concentrations for
each channetttov_k (and its associated subroutines endini ikb) compute théd(xo) matrix for eah input profile.

It is not always necessary to store and access theJatobian matriH and sothe RTTOV packagehas routines to
only output thetangent linearvaluest ythe change in top of atmosphere radiangef®r each channet, for a given
change in atmospheric profil€x, abou an initial atmospheric state.

W(XO) = Z M,d(%’d(%’““muynchan?

N 3)
HX pX KX U

i

Thetangent linear routines all ha¥etlo as an ending. Conversely the adjoint routines (endirfg &) compute the
change in any scalar quantity to nel elements of the stavecor (e.g.T, g, ozone, surface variablet:) U xor an
assumeditmospheric statep, given a change in the radiancég

_e W WX, X UX, o @
K(X) =g — dy—=,d—,..dy —= (4)
A STV ATYRR TS Wy 4
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These routines are normally used as part of the variationalidgimof radiancesnformaion about the RTTOV TL,
AD and K models is givein section 7.9 below andmegeneralinformation on TL/AD and K codes is available at:
http://cimss.ssewisc.edu/itwg/groups/rtwastrt.html If you only want to compute radiancesth the forwad model
the TL/AD/K routines are not required.

The core of RTTOV simulates cleaky radiances. For channels with a significant thermally emitted contributien, t
top of the atmosphergwelling clearsky radianceL."(v,d), at a frequency and viewing anglel can be written as:

L (1.9)= £.(n.9)e(nq)B(NT.)+ riB(n,T)dr+(1-es(n,q»ri(n,q)fiB(lf’;T)dr ©

wherets is the surface to space transmittanegis the surface emissivity and(v,T) is the Planck function for a
frequencyv and temperature.

The transmittances,, are computed byneans of a linear regression in optical depth based on vari{d@iblesictorsd)
calculatedfrom the input profile vectorRTTOV v13 introduces a new parameterisation based on a new 8e1df
predictor® which is documated in the RTTOV v13 Science andadation Report. Thev13 predictors suppogny
combination oRTTOV variablegasesandare valid for all zenith angles up to the RTTOV maximum d°~&hd thus
support solar radiation fall relevant channelsCoefficients files are available with vatie O3, variableO3 andCO2,
and with &l the variable trace gases supportgcdRITOV. RTTOV v13supports all existing RTTOV v12 optical depth
coefficient files based on the paraterisationsas described in Matricardet al. (2001) forRTTOV v7 predictas,
Matricardi (2003) for RTTOV v8 predictorsand those given in Matricardi (2005) or the RTTOV S8ienceand
Validation Reportfor RTTOV v9 predictorsFrom a user perspectivie is simply a m#éer of supplying the desired
coefficient file based onany of the abee setof predictorsto RTTOV. Section 3gives more information on the
coefficient files availableMore details on theelative performance of the different predictortsare given inthe
RTTOV v13 Sciene and \&lidationReport

In addition tothe clearair simulations described aboya@nd in section 8.1there are options to include solar radiation
(section8.2), for a simple visible/IR loud scheme based on a sindleud top presse ard cloud fraction (section8.3),

for visiblefinfrared clow- and aerosehffected radiances (sectio®s5 and 8.6) and for cloud and precipitation
affected microwave radiances (sectiBv). RTTOV also provides two Principal Componebtse models ér
simulating hyperspectral IR sounders (sections 8.8 and 8.9)


http://cimss.ssec.wisc.edu/itwg/groups/rtwg/fastrt.html
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Level Pressure Tmax Tmin Qmax Qmin Ozmax Ozmin OzRef
Number hPa K K ppmv* ppmv* ppmv* ppmv* ppmv*
1 0.01 245.95 143.66 5.24 0.91 1.404 0.014 0.296
2 0.01 252.13 154.19 6.03 1.08 1.410 0.069 0.321
3 0.03 263.71 168.42 7.42 1.35 1.496 0.108 0.381
4 0.06 280.12 180.18 8.10 1.58 1.670 0.171 0.527
5 0.13 299.05 194.48 8.44 1.80 2.064 0.228 0.769
6 0.23 318.64 206.21 8.59 1.99 2.365 0.355 1.074
7 0.41 336.24 205.66 8.58 2.49 2.718 0.553 1.471
8 0.67 342.08 197.17 8.34 3.01 3.565 0.731 1.991
9 1.08 340.84 189.50 8.07 3.30 5.333 0.716 2.787
10 1.67 334.68 179.27 7.89 3.20 7.314 0.643 3.756
11 2.50 322.50 176.27 7.75 2.92 9.191 0.504 4.864
12 3.65 312.51 175.04 7.69 2.83 10.447 0.745 5.953
13 5.19 303.89 173.07 7.58 2.70 12.336 1.586 6.763
14 7.22 295.48 168.38 7.53 2.54 12.936 1.879 7.109
15 9.84 293.33 166.30 7.36 2.46 12.744 1.322 7.060
16 13.17 287.05 163.47 7.20 2.42 11.960 0.719 6.574
17 17.33 283.36 161.49 6.96 2.20 11.105 0.428 5.687
18 22.46 280.93 161.47 6.75 1.71 9.796 0.278 4.705
19 28.69 282.67 162.09 6.46 1.52 8.736 0.164 3.870
20 36.17 279.93 162.49 6.14 1.31 7.374 0.107 3.111
21 45.04 273.15 164.66 5.90 1.36 6.799 0.055 2.478
22 55.44 265.93 166.19 6.21 1.30 5.710 0.048 1.907
23 67.51 264.70 167.42 9.17 1.16 4.786 0.043 1.440
24 81.37 261.95 159.98 17.89 0.36 4.390 0.038 1.020
25 97.15 262.43 163.95 20.30 0.01 3.619 0.016 0.733
26 114.94 259.57 168.59 33.56 0.01 2.977 0.016 0.604
27 134.83 259.26 169.71 102.24 0.01 2.665 0.016 0.489
28 156.88 260.13 169.42 285.00 0.01 2.351 0.013 0.388
29 181.14 262.27 170.63 714.60 0.01 1.973 0.010 0.284
30 207.61 264.45 174.11 1464.00 0.01 1.481 0.013 0.198
31 236.28 270.09 177.12 2475.60 0.01 1.075 0.016 0.145
32 267.10 277.93 181.98 4381.20 0.01 0.774 0.015 0.110
33 300.00 285.18 184.76 6631.20 0.01 0.628 0.015 0.086
34 334.86 293.68 187.69 9450.00 1.29 0.550 0.016 0.073
35 371.55 300.12 190.34 12432.00 1.52 0.447 0.015 0.063
36 409.89 302.63 194.40 15468.00 2.12 0.361 0.015 0.057
37 449.67 304.43 198.46 18564.00 2.36 0.284 0.015 0.054
38 490.65 307.20 201.53 21684.00 2.91 0.247 0.015 0.052
39 532.58 312.17 202.74 24696.00 3.67 0.199 0.015 0.050
40 575.15 315.55 201.61 27480.00 3.81 0.191 0.012 0.050
41 618.07 318.26 189.95 30288.00 6.82 0.171 0.010 0.049
42 661.00 321.71 189.95 32796.00 6.07 0.128 0.009 0.048
43 703.59 327.95 189.95 35328.00 6.73 0.124 0.009 0.047
44 745.48 333.77 189.95 37692.00 8.71 0.117 0.008 0.046
45 786.33 336.46 189.95 39984.00 8.26 0.115 0.008 0.045
46 825.75 338.54 189.95 42192.00 7.87 0.113 0.008 0.043
47 863.40 342.55 189.95 44220.00 7.53 0.111 0.007 0.041
48 898.93 346.23 189.95 46272.00 7.23 0.108 0.006 0.040
49 931.99 349.24 189.95 47736.00 6.97 0.102 0.006 0.038
50 962.26 349.92 189.95 51264.00 6.75 0.099 0.006 0.034
51 989.45 350.09 189.95 49716.00 6.57 0.099 0.006 0.030
52 1013.29 350.09 189.95 47208.00 6.41 0.094 0.006 0.028
53 1033.54 350.09 189.95 47808.00 6.29 0.094 0.006 0.027
54 1050.00 350.09 189.95 47640.00 6.19 0.094 0.006 0.027

*The gas units here are ppmv with respgealry air be@use RTTOV is trained on gasofiles in these units and this is
the context in which these limits are applied within RTTOV.
Table 1.Pressure levels adopted for RTT@M2A41354 levelcoefficiens andprofile limits within which the
transmttance calculdabnsare valid. The default ane profile is also given in thaght-handcolumn.Note
that some coefficients are based on a standard 101 level pressure profile which extendsld6@mPa.
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Platform RTTOV ID | Sat ID range Platform RTTOV ID | Sat ID range
NOAA” 1 1-20 Saral 33 1
DMSP 2 8-19 Metop-SG 34 1
Meteosat 3 1-7 Landsat 35 45,7,8
GOES 4 4-19 Jason 36 2
GMS 5 1-5 GPM 37 1
FY2 6 2-57 INSAT-1 38 1-4
TRMM 7 1 INSAT-2 39 1-5
ERS 8 1-2 INSAT-3 40 4-5
EOS 9 1-2 Reserved 41 -
METOP 10 1-3 DSCOVR 42 1
ENVISAT 11 1 CLARREO 43 1
MSG 12 1-4 TICFIRE 44 1
Fy1l 13 3-4 Reserved 45 -
ADEOS 14 2 ISS 46 1
MTSAT 15 1-2 HJ1 47 2
CORIOLIS 16 1 GEOKOMPSAT2 48 1
JPSS (SNPP) 17 0 GCOM-C 49 1
GIFTS 18 1 SMOS 50 1
Sentinel3 19 1-2 ORS 51 6
MeghaTropique 20 1 FY4 52 1
Kalpana 21 1 TROPICS 53 0
Meteor 22 25 GF5 54 1
FY3 23 1-4 HY?2 55 1
COMS 24 1 CloudSat 56 1
Meteor-M 25 1-2 CloudCore 57 1
GOSAT 26 1 FORUM 58 1
CALIPSO 27 1 TEMPEST-D 59 1
Reserved 28 - Jason-CS 60 1
GCOM-W 29 1 Electro-L 61 2
Nimbus 30 1-7 OMS 62 1
Himawari 31 8-9 Sentinel2 63 1-2
MTG 32

* iNOAA-5 s TIROSN
Table 2 Platforms supported bRTTOVas of October2020. Italicsindicate plaforms for which
coefficierts are not yetavaiable but can beequested

Sensor Chans => Sensor Chans =>
Sensor RTTOVID RTTOV Chans (IRIMW-only) | RTTOV Chans (VIS/NIR/IR)

HIRS 0 1.19 => 1-19 -

MSU 1 1.4=>14 -

SsU 2 13->13 -
AMSU-A 3 1.15 => 1-15 3
AMSU-B 4 15->15 -

AVHRR 5 3b5=> 1103 16=>16
SSMI 6 17 =17 -
VTPRL 7 18->18 -
Spare 8 - -

™I 9 19=>19 -
SSMIS 10 104 = 124 -

AIRS 11 12378 => 1-2378 -

HSB 12 14=>14 -

MODIS 13 (20-25, 27-36) => 1-16 136 => 1.36
ATSR 14 13->13 17 => 17

MHS 15 15->15 -

IAS] 16 18461 = 1.8461 -
AMSR-E 17 112 => 112 -
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. 1=>1 1-2=>1-2
GMS imager 18 1-3=>1-3 1-4 => 1-4
ATMS 19 1-22 =>1-22 -
MVIRI 20 1-2=>1-2 -
SEVIRI 21 4-11 =>1-8 1-12 => 1-12
GOES imager 22 2-5=>1-4 1-5=>1-5
GOES sounder 23 1-18 => 1-18 -
MTSAT imager 24 1-4=>1-4 1-5=>1-5
FY2-3/4 VISSR 25 2-5=>1-4 1-5=>1-5
FY1 MVISR 26 1-3=>1-3 -
CrlS (NSR) 27 1-1305 => 1-1305 -
CrIS-FSR 28 1-2211 => 1-2211 -
VIIRS 29 16-22 => 1-7 1-22 => 1-22
WINDSAT 30 1-16 => 1-16 -
GIFTS 31 - -
SSM-T1 32 1-7 =>1-7 -
SSM-T2 33 1-5=>1-5 -
SAPHIR 34 1-6 =>1-6 -
MADRAS 35 1-9=>1-9 -
Reserved 36 - -
VHRR 37 2-3=>1-2 1-3=>1-3
INSAT imager 38 3-6 =>1-4 1-6 =>1-6
INSAT sounder 39 1-18 =>1-18 1-19=>1-19
MWTS 40 1-4=>1-4 -
MWHS 41 1-5=>1-5 -
IRAS 42 1-20 =>1-20 1-26 => 1-26
MWRI 43 1-10 =>1-10 -

ABI 44 7-16 =>1-10 1-16 => 1-16
COMS Ml 45 2-5=>1-4 1-5=>1-5
MSUMR 46 1-3=>1-3 -

TANSO-FTS 47 - -
IIR 48 1-3=>1-3 -
ESA MWR 49 1-2=>1-2 -
Reserved 50-53 - -
SCAMS 54 1-5=>1-5 -
SMMR 55 1-10 =>1-10 -

AHI 56 7-16 => 1-10 1-16 => 1-16

MTG IRS 57 1-1960 => 1-1960 -

AltiKa 58 1-2=>1-2 -
IASI-NG 59 1-16921 => 1-16921 -
Landsat TM 60 6=>1 -
MTG FCI 61 9-16 =>1-8 1-16 => 1-16
AMSR1 62 1-16 => 1-16 -
AMSR2 63 1-14 => 1-14 -
FY2-2 VISSR 64 1-2 =>1-2 -
7-9 =>1-3
SLSTR 65 (F1+F2 are the same as S7+S8) 1-9=>1-9

TIRS 66 10-11=>1-2 -

AMR 67 1-3=>1-3 -

OLI 68 - 1-9=>1-9

IRIS 69 1-862 => 1-862 -

ICI 70 1-13 =>1-13 -

GMI 71 1-13 =>1-13 -
MWTS-2 72 1-13=>1-13 -
MWHS-2 73 1-15=>1-15 -
ASTER 74 10-14 => 1-5 (1-2,3N,3B,4-14) => 1-15
Reserved 75 - -

MTVZA-GY 76 1-29 => 1-29 -
Metimage 77 11-20=>1-9 1-20 => 1-20

1C
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MWS 78 1-24 => 1-24 -

MWI 79 1-26 => 1-26 -

EPIC 80 - 5-10=>1-6

MRIR 81 2-5=>1-4 -

Sl 82 1-579 => 1-579 -
Reserved 83-86 - -
MERSI-1 87 20=>1 -
MERSI-2 88 20-25 => 1-6 1-25 => 1-25

ECOSTRESS 89 1-5=>1-5 -
IRMSS 90 4=>1 -

OLCI 91 - See coef file headers

THIR 92 1-2=>1-2 -

AMI 93 7-16 =>1-10 1-16 => 1-16

IKFS2 94 1-2701 => 1-2701 -

LI 95 - 1-2=>1-2

SGLI 96 18-19=>1-2 -

HIRAS (NSR) 97 1-1369 => 1-1369 -

GIIRS 98 1-1682 => 1-1682 -

7/8-14 => 1-7 1-7/8,9-14 => 1-13

AGRI 99 (coefs include only one 3.9um | (coefs include only one 3.9um

channel) channel)

PMR 100 - -
MIRAS 101 1-2=>1-2 -
COWVR 102 1-12 =>1-12 -
TROPICS 103 1-12 =>1-12 -
VIMS 104 9-12 =>1-4 -
DPR 105 1-2=>1-2 -
HY2 MWRI 106 1-9=>1-9 -
CPR 107 1=>1 -
SAPHIR NG 108 - -
FORUM 109 1-5001 => 1-5001 -
TEMPEST-D 110 1-5=>1-5 -
Reserved 111 - -

VIRR 112 8-10 =>1-3 1-10 => 1-10

SIRS 113 1-14 => 1-14 -

HIRAS-FSR 114 1-2275 => 1-2275 -
1 =>1 (Nimbus 1/2 -

HRIR 115 2=> 1((Nimbus 3)) 1-2=>1-2
AMR-C 116 1-6 =>1-6 -
MSUGS 117 4-10 =>1-7 1-10 => 1-10

Reserved 118 - -
GEMS1 119 1-8=>1-8 -
Sentinel2 MSI 120 - 1-13 =>1-13

The channebrder n the coefficient fiégs can be determineding therttov_coef _info.exeexecutable (see Annex A), or
by looking at thdollowing web pagevhich gives the spetil response functiorendpassbandased by RTTOV and

*channels 121 areonly simulatel accurately witizeemarcoefficientfile

the linked mges show the chanrmider inthe coefficient file:
https://nwpsaf.eumetsat.int/site/software/rttov/dowrddmefficients/spectralesponsdunctions/

Table3. Instruments supported BTTOV vl3as ofOctober2020. Coefficients are not yet availablerf
sensors in italicdbut can be requestdds can coefficients for sensors not lisédmbve)
il R/ MW retersto goéfficientfiles sugporting channelsat wavelengths &ove 3um;
iVl S/ NI R/tdcBelftientfilds eontaning visiblénearIR channelsin addition to IRchannels
Note thathev13 pedictorssupport star radiation so ly default these @dficient files includall channels
(VIS+IR) where réevant However, IR-channelonly files arealsoavailable to aid users wishing to update
from the old v7/8 predictor coefficients whiditl not support visible/nediR channes.
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3. Summary of RTTOV concepts

This sectdbn provides a brief oveiew of the stps required when rufmg RTTOV. Existing users should read thi
section for information on coefiient files. New users should redtiis sectionto familiarise themsgks with the key
concepts related to RTTOW.ou should also look throughhe code contaed in src/test/exampe_fwd.FO0 and/a
src/test/example_k.F90as these providéully-commented temates for runninga basic simulatin usingthe RTTOV
forwardandK models. Thesrc/test/directory also contains exanggl for running other kits of simulatio. A detailed
descrigion of the steps involved in running RTOV is given in section 7Theidl R T T O Vck KartiGuié on thedocs/
directoryis intended to guide newsers through a simple clesky forward model sinlation.

RTTOV accountdor thermal enssion for all channslatwavelengtls above 3um (referredt@a it her mal o
Thermal emissions ignored at wavelertlgs belov 3um. Solarradiation is onlyincluded in channels at wavelengths
below 5um. Theserae r e f e r r &chanhets. Camels Bedow Buanrareotar-only chanrels, while those in the
range 35um are mixed thermal+solar chatme

All aspects of RTTOV simlations canbe configued at ruatime via therttov_options structure (described fyilin
Annex O). This proidesa list of logical flags and othr sétings toconfigurethe simulationincluding whether solar
radiation shouldbe included, whether cloudaiéor aerosbscattering should bacluded forvisible/R instruments,
and whetherite RTTOV interpolatorf®ould be used.

Calculation of cleasky optical dephs is carried out by a edictorbased regression scheme. Thefficents for the
optical depih regressionare instrumenspecifc and are stored in RTTOV coefficient files whosames begin
firtcoef 0 .RTTOV v13 introdices a newoptical deth paraneteristion based orfivl3 preditorsd, and the new
coefficientfiles basd on these predictors attee recommendecnes RTTOV v13 suppds all RTTOV vi12optical
depth coefficient fesbasedon the oldv7, v8and v9 predictos. these files are riancluded in he package butmay be
dowrloaded from thdRTTOV website. Informaion aboutthe old predictor vesions can b found in the RTTOV vA
user guidethey are not described heidote that the new v13 predictaoefficients ae not @mpatible wih RTTOV
v12.

The new v13 predictorsan(in principle) supportany comlnation d variable trace gasesdcanbe trainedor use at
zenith angle up to85° (the RTTOV maximum).The new coefficients suport the full rarge of zenith agles for all
channelson geogationay sensors, and forllasolar channels(channelsbelow 5um) on all sensors For all other
channés (i.e. thee above pm on low-eath-orbit plaforms), the maximum valid zenith argis 75.

Currently, visible/IR coefficient files are avadblefor threedifferent ®ts ofvariablegases(note that water vapour is
alwaysa variable gas)
1 VariableO3+CO2i theseare avéable for all sensors
1 VariableO3-onlyi theseare available focurrent and future senso
1 fA7ga®’i theseallow all optional RTTOV trace gases to varyg, CO,, CO, NQ, CHy, SO,) ard areavailable
for certan hyperspetral IR sounderandVIS/IR radiometers

The coefficient file names contain eith@ 03cod, i 030, or fi_7gas, indicating whch varialde gasesare suppored
The greater the number ofarniable gases, the more noputationdly expensve the simulation If you requre a
coefficient file that is not avdable for downloadon thewebsite you can request iti# the NWP SAF Helpdek
(https://nwpsaf.eumetsat.int/site/helpesk).

The latestvisible/IR RTTOV coefficierts have been traimk using the profile dataset describedtlie RTTOV v12
Scienceand Validation ReportThe refeence prafes for trae gase$CO,, CHs and NO in particular) are appropriate
for contemporary simulatiem When simulating olderinstrumentsit is recommendedo specify a more gpopriate
CO; profile which requiresuse ofa mefficient file allowing variable C®

Coefficientsfor microwave sensargenerdy do notallow anyvariable trace gases othiyan wate vapourwhich is
mandatoy for all simultons Theexceptionis MetopSGICI for which O3 isoptionally variable.

The opical deph parametrisationis cariied outon a fixed seof pressure leveld~or mostsensors, coefficients are
provided on a statard set ¢ 54 levels (541). In addtion, coefficients for hyperspectral soundense avdable on 101L.
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You can proide inpu atmospheric profile dati RTTOV on arbitrary pressue levels if they differ to the pressure
levels on which theptical depttcoefficientsarebased youmustenablethe RTTOV interpolator.

As noted abwe, the new v13 prddtor coefficient fiessuppot solar radiation and as sutthe oefficientfiles include
all channelgvisible/neafIR/IR) for each sensdor which we tave information about the spegitresponsedhe old v7
and v8 prediabrs did notallow for solar radgation and as sucbuypported aly IR (thermal)channelsTo aid wsers wio
wish toupdatefrom the v7/v8 pedictor coeficients b the new viZoefficients IR-only v13 predictor coeffiagnt files
are availablgo download fromthe webdie for allrelevantsensors. Thes®-only v13 pralictor files havefi _ironlydin
the filename andcan beused directly inplace of the old v#/8 predicor files. The channel numéring in RTTOV
coefficient fles alwaysbegins at oneThis means that th&k chamel numbes in the IR-only and VIS+IRcoefficient
files may not be the sam¥ou can chek the channenumberingfor any coefficient file using therttov_coef_info.exe
tool (see Anng A). Table 3givesthemapping frominstrument channel numbers to theTROV channel numérs.

The accuracy osimulatons for very broad channels.de EVIRI channel 4 at ® microns) is poowith significant
biases nodd (~12K) (see e.g. Brudeand Turner, 2003)To mitigate this, the lindy-line optical depths in the
coefficient generatin are weighted witthe Plank& function across the instrumechanrel and the coefftients are then
computed for hese Rink-weighted optical depths resulty in much reduced biases.héther coefficients are Planck
weighted or not for almnnel can be dermined by examininghe PLANCK_WEIGHTED section in the cdféci ent
file (if it is not present there ar® Planckweightedchannes).

Plots are availablen the RTTOV webs$e showingthe fit of the optical depth regression to tirerlying line-by-line
simulationsused intraining the coefficientsThe plots ér the v13 pedictors carbe conpared to thos for the older
predictors

https://nwpsaf.eumetsant/site/software/rttov/download/coeffents/comparisomvith-lbl-simulations/

Thefollowing page provides the defihie referencdor RTTOV v13 coefficient files:
https://nwpsaf.eumesat.int/site/software/rttov/download/coefficients/coefficidotvnlioad/

The coefficientdiles are red in using therttov_read_coefssubroutine. IfPrincipal Component (PCcloud or aerosol
simulatiors are beingerformed, the additial associagd oefficients for those simlations ae readin the same call.

You mustthen allocate some derived typesstiuctures to hold various input and outpudgities. These struates are
all described fully inAnnex O. Tke main ones are:

chanprof structuei array holding a list of bannel angrofile indices to simulate

profile structurei array holding the inpLatmospheric and surface variables

emissivity structurei array holdng the surface emissivity

reflectancestiucturei array holdinghe surfae relectaxce

radiance structue’i to hold the autput Smulated radiances

transmittancestructurel to hold theoutput simulated transmittances

=4 =8 =8 -8 -8 -9

For MW scattering simulationasing RTTOV-SCATT or Principal Canponentssimulaions, additional struares are
required which are degibed dsewhere in this user gile.

In atypical applicationyouwould then loop ovemiput profiles. For each profile, the input profile datareadinto the

profile, emissivity and reflectance structures. Then RTTOV isalled and thesimuated radiances aneritten out or

stored. Itis possibé to pass multiple profiles into RTTOV in @ngle call if desired There is no fixed limit on the
numberof profilesyou can pass into RTTOV ione go: tisis limited only by thememory availakeé (9me kinds of
simulatons take more memory thaothers) Once all simulations are completgou should call the relevant

deallocation subroutines to release alledatemoyy.
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4. Changes fom previous versions
4.1.Changes from RTTOV v12.3

This section provids dtails of the diffeencesbetweenRTTOV v12.3 and RTTOVv13.0. This section should be
usefulif you wish to replaces12 with v13 in your appication as it Ists tle change to the useinterfaceandoutputs.
Updaes which change rakis comparedo v12arehighlighted inred This includes changes twefficient files, default
values, and changes in imet calculations Detailed desciptions of the new science in RTTOV13.0 and the
differences to v12.8an be fond in the RTTOV 13 Science and alidaion Report.

Coefficient files

New optical depth firtcoe®) coefficient files areavailablebased on th@ew v13 predidors (see sectio 3). The new
v13 files @nnot beused with RTTOV v12However,RTTOV v13 suppats all RTTOV v12 optical depthcodfici ent
files. Executdles are availablas part of the RTOV build to convert oldoptical depthcoefficient files between
v10/v1l format and v12 formésee Annex A)lt is not possible to converhé new v13format (vl3predictor) files to
v12 or older formss.

The format of thevisible/IR aerosol and cloud opticptoperty (fiscaeacoe®d and fisccdccef) fil es has changeddr
RTTOV v13 making the v12 and v13 files mutually incompatible The cloud liquid water optical prperties (loth
OPAC andfiDeffo properties) have ben recomputed with an updated refree index dataset (see section 8.5). Ice
cloud optical propdies and aesml optical poperties rerain the same asor RTTOV v12. When wnning aeresol
simulationswith aerosol concentrations in units of kg/kihe reslts may differ very $ightly to equivalent resultfrom
RTTOV v12 due toa chargein theway themassto-numberdensity conversion factas stored in the coédicientfiles,

but these iff ererces are scierfically negligible.

Existingand newMFASIS LUT filesare compatible with both RTOV v12 and v13but the new files available with
RTTOV v13 arestrongly recommendeth preference tearlier ones

The fiMietableo files for earlier vasions of RTTOV-SCATT have bee replaced by newhydraabled files. The
Mietable files annot be usedith RTTOV v13 and the hydrotable files cannot be used with eaR@TOV versions.
See section 8.for more nformationon the newhydrotables

Existing RTTOV v12 PGRTTOV ccefficient files can be used witRTTOV v13. You mustuse the associated v9
predictor optical depti{rtcoef) coefficient file: you should not use RRTTOV coefficients with he newv13 predictor
coefficient files.Foraeraol simulaions with PCRTTOV, be sire to use the viBrmatscaercoebptical propertyfile.

New HTFRTC coefficientfiles are available for RTTOV vi3hese are incompible with RTTOV vR and the v12
files cannot be used with RTTOV vIhe new fies ae availablein both netCDF and ASCFormat.

Changesto fundamental consants

The values of somtundamental constantiefined inrttov _const.F90have keen updated witlthe latest values from
the NIST website(http//physics.nist.gowuu/Consants). The impact of tfs is very small typically lessthan 1mK.It is
possible tochoose tause the RTTOW12 values of th consantswhen compiling RTTOW13 (see se@bn 5.2, but
these are deprecatadd wll be remaed in a titure release.

Changes tothe rttov_qotionsstructure

The fdlowing options hae been rmoved:

1 opts%rt_ mw% clw_calc on_coef levi microwave cloud liquid water absorption calculatits are now
always @ne onuser levelgpreviouslycalculationswere doneon coefficient levelsby defaul.

1 opts%rt mw%apply _band_correction and opts scatt%apply band_correction i band corrections are
always appliedthis was true by default)

1 opts scédt%lradiance i RTTOV-SCATT calculations arenow always dore in radiane (previausly
calculatons were done in Byhtness Tempertutgy default)

1 opts%rt_ir% cldstr_simple’i thishas been repted bythe newcloud_overlap option (see below
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The following options have been renanmmdved
1 opts%rt_ir %cldstr_threshot renamed t@pts%ort_ir %cldcal_threshold.
1 opts%rt_ir% cldstr_low_cloud_toprenamed t@mpts%rt_ir%c c_low_cloud_top
1 The ozone data, co2 data, etc options have beemoved fom opts%rt_ir to opts%rt_all as alimited
number of MW sensors have coefficientsh variable ozone

The fdlowing newoptionshave beemadded:

1 opts%rt_all%use t2m_opdepandopts_scatbouse_t2m_opdep default truei when thisoption is truethe
2m temperatureis used inthe optical depth calcuian for the rearsurface layerlike the 2n water vapou).
Settirg the optionto false revert$o the behavior of previous RTTOV versions, wher¢ghe 2mtenmperature is
used oly in calulating the Planckadiance of thenearsurface layer.

1 opts%rt_ir%rayle igh_max_wavelength default 2um i the maxmum dannel waelengthfor which
include Rayleighscattering clgulations (seesection 8.2and 8.5). By setting this to zero Rayleigh scattering
can be egluded entirely from simulations (which includes Rayleightiextion when usingoptical deph
coeficients based onl3 predctors).

1 opts%rt_ir%rayleigh_min_pressure default: OhPai the minimum presure fa layers inwhich Rayleigh
scattering will becalculatedseesedions 8.2and 8.5).

1 opts%rt_ir% dom_rayleigh, default: falsei enablefull Rayleigh multiple-scatteing when using thedOM
scatteing solver (see seton 85).

1 optsY%rt_ir% cloud_overlap, defaut: 1 (maxrancom overlap)i enablesa choice between differercioud

overlap schemeseesedion 8.5).

opts_scatt%addefrac, default: truei enabletherefractian option in RTTOWSCATT.

opts_scatt%ice_polarsation, defailt: 1.40 7 if greater thanzero, enables theapproximation for polased

scattering in RTTOVSCATT simuations. To appraimate the effect of preferentially oriented ice
hydrometeordn creaing pdarisation difference betweer’V andH channelsthe extinction of frozen paticles

is increased in hoizontally polarised channels and decreased inoadlyi polarised banrels by the factor U,

andice_polarisation is the polarisation ratio ¢U)/(1- U. Thevalueis appliel globally anchasbeen tuned to

best ft observations from GMI.

1 opts_scatt%zero_hydro_tlad default: fagei if true, thenthe hydrometeor concentrans are actig TL/AD
variables in layers where the concentmas are zeo (i.e. clear layers have n@ero hydrometeor AIX). The
default vale (falsg yields the old RTTOVSCATT behaviour (no sensitivity fatlear layers). Sénhg this
option true camprovide smootheJacolians in the vertical, which can be usefl diagnatic purpses. It may
also be asolution for invese methods that arais cepti bl e to the fizero <cl ou
However,it made no discernablimpact when activated iexperiments aECMWF, and it slightly degrades
the numerical pecision ofthe adjoin code, so is not reenmended by defallSee also section®

1 opts_scatt%hydro_cfrac_tlad, default: truei hydrometeor TL/ADK sensitivityis usudly generated through
two mechanismdijrst the direct effect of bulk optical propesti on the loudy radiances; second the irelit
effect throud the effective cloudraction (which is weighted vertically by hydrometeor amount)tiggthis
flag to false turns off the seconeffect, makingfor snoother and less complicated Jacobianthi vertich
This option is mainly intendgfor diagnostic prposes.

= =

The following optons have new defawialues:

1 opts%rt_all%addrefrac = true(was false) atmosphericefradion enabled

1  opts%rt_mw%clw_scheme = 2 (was 1/Lide) i the default permittivity parametdsation for microwave
cloud liquid waterabsorpibn is Rosekranz (2A5), the recommended value.

1 opts%rt_ir%solar_sea_brdf model = 2 (was 1/JJONSWAP) the newersolar sea BRDF mad (based o
the Elfoulaily et al(1997) wave spectrumis recommended

1 opts%rt_ir%grid_box_avg_cloud = true (was false) cloud concentrationinputsfor VIS/IR simulatiors are
grid box averages by defaufthis is commonly the value pried by NVP/GQVI models) rather than
representing theoncentration in the cloudy fraction tifegrid box.

1 opts%rt_ir%pc%i pcbnd = 1 (was-1 and had to be given ald i oneis currently the only \alid value fr
this option

1 opts scatt%cc_threshold= 0.001 (was 0.05) scattering is ignoreth RTTOV-SCATT for effective cloud
fractionsbelow this value.
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The following optionshave new default values ariie optionsare dg@recated The defaultvalues areecommended,
and the options are likely to be removedifutuerelease

1 opts%interpolation%reg_limit_extrap = true (was false)i when uing the interptator, extrapolateprofiles
at the t@ of the atmosphenasingthe profile limits rather than simplyisng constant valuextrapolaion.

1 opts%config¥%fix_hgpl = true (was false)i the surfa@ devation is associatewith the 2m presure ather
than the parestpressure level alve the surface. This hassmall impacton path geomejr calculations
Setting to truereduce discontinuities in the direct model witlery small (mK) impact on radimes.

1 opts%rt_all%d tau_ted = false(was tue)i this swith enablesfidables a check omé deltatransmittance in
the nar-surface layer wheronsidering this layer conknition inthe integration of the RTESetting to fale
(omitting the checkyeduce discatinuities in the @ect modelwith very small(mK) impacton radiances.
Experimentsat ECMWFand Met Officeindicate settig this to fale has neutral impact.

See Annex O fothe full options strature includiry all ddault values.
Changes to thettov_profile structure

The profiles(:)%skin%s pecularity variable has beeremoved, andnisteadthe specularitycan be selectepler-channel
(instead ofperprofile) within therttov_emissivity structure(see sectior8.11).

There is a new profile variablerofiles(:)%clwde_param (default: 1) in support of the new CLW Deff
parametdsation (seesectbn 85), althoughsince there ionly one paramerisationcurrently available this variable
should not be cheged.

The profiles(:)%i dg variable ha been renamegrofiles(:)%icede_param for clarity and consisteny with the new
clwde_param variable.

Theprofiles(:)%gas_urits default valie isnow 1 (kg/kg).

Changes torttov_emissivityand rttov_reflectancestructures

The rttov_emissivity structure has a new membsgpecularity, which is used tonputthe specudrity for each chanre
ard profile foruse withthe Lambertiansurface optior{see sectior8.11). This eplaces thapecuarity profile variable

in RTTOV vi2.

The rttov_refl ectance structure has two new membsgyr diffuse_refl_in and diffuse_refl_out, which enable
input/outputof thediffuse rdlectanceused fordownwelling surfacereflected radition (see setions 7.6 an.4).

All members of both thetov_emissivity andrtt ov_reflectancestructuresnow explicitly default to zeo. A new use-
level subrouine hasbeen addedttov_init _emis refl, which can be used to indlise the emissivity andor reflectance
structures to zergsee Annex D)

Changes torttov_radianceand rttov_transmssionstructures

Therttov_radiancestrucure has a n& menber geornretric_heght(:,:) which is populated wit the geonetric height
of each levehscalculated byRTTOV.

Therttov_transmission structure has new membeesi_total_cld(:) andtau_levels_cld(:;) which are populatedvith
the surfaceto-space and kvel-to-spacetransmitances for clod respectivelywhen runniig doudy smulations (see
sedion 8.5)

These chages do not &éct existing codeThe RTTOV structures aescribed in AnneO.

Changes to treatment of CMBR h MW simulations

Downwelling secondry radarce (down, dnclear and refldnclear) now include the CMBR (cosmic microwave

badkground radiatin) term whichhas always been ihaed in the primary radiance outpiist was peviously omitted
from the secondamadiancesThis affectsonly the dawvnwelling secondey radianceoutputs fa MW sensas.
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Changes to visible/IR cloud/aerodascattering

For visibleIR cloud simulations usinghé CLW Deff optical properties, all inpytaraneterised Deff(effective
diametr) values araow clipped toappropiate min/maxvalueswhich isalready done foice Deff (see section 8.5)

For dired model solar aarsol simulationsthe transmission%tausun_leve$* (;,:) output arays now ontaingas and
aerosol transmittancesathe than gas-only) to make them consigent with the tausun_total (;) outputsand the IR
output tranmittance arrays.

Changesto MFASIS (sedion 8.5)

MFASIS and thermal IR simulations manow be run in the same cath RTTOV. Note thatsolar radiationis excluded
entirely for anysolaraffectedchannelsiot sugoorted by the MFASIS LUT

A change in the way thprofile ice effecive diametersare calculatedor mixed phase cloudsvithin MFASIS yields
small differences in simulated reflectaséor such profies with mixed phase clouds

MFASIS simuldions peviously set theadiance%plane_paallel flag to true (since MFASS is aparameterisatio of
strictly planeparallel DOM simuléons), but this fhg is no longer set by MFASIS simulatfsince IRscdtering can
now be included in the santdl to RTTOV which may not enfore the plangaralel option.

Two of the MFASISquality bitmaskflags (gflag_mfasis_ldhiscaangle) related to the attering agle being oubf-
boundshave been removed as thftag_mfasis geonetry _boundsflag covers tBse ases.The bit positions obther
flags in the quéity bitmask have no charged. The scaering angleis now conpared explicitly tothe limits of the
training which are obtained from the LUrRther than to constant valu@he maximum zenith angle used foaining
the LUTs is now stored in the LUT filgmecessitating aninor charge to theMFASIS LUT file format) and where
available thiss used when flagginguality issues related tout-of-boundszenith anglesThenew MFASIS LUT files
can be usdwith RTTOV v12, but the older code wilhot make use othe LUT-specific mainum zenith anglewhich
may mearthat potentially problematicprofiles are not flaggedFlags for profiles with total optical depth or effective
diametr value (for liquid and ice watelaud) outside the LUT bounds are not generally E&ceptions are made for
large liquidwater effectve diameters, where the RTTOV maximum eads the default LUT training limit, and for
large total optical depths, whereflectances are typically satuedt Experimentation shows that the accuracy siilte
is notsignificantly affected inthese cases.

Changes toRTTOV -SCATT (section 8.y

RTTOV-SCATT radiance gnulator:

1 The hydrometor specificion has been geneisdd and the rttov_profile_cloud structure has chaged
significantlyto support thigAnnex O) Insteadof named variables @. rain, snow, clod_water), an arbitrary
number of hydromeea types is pedfied in the hydro(nlevels,nhydio) memberarray. The nurber of
expected hydrometeor types is bgtthehydrotable filesThe currentdefaut hydrotablesinclude properties
for 5 hydrometeorsRain, Snow, Graupel, Cloud Liquidnd Cloud Icein that orde. The nhydro member 6
rttov_profi le_cloud sets the numbesf input hydrometeors, and must matbk hydrdable files. Appoximate
backward canpaibility would be achieved by settinthe graupel hydroeteorconcentrationgo zero (lut be
awae microphysi@l assumptions havesa changeth the scattering tables).

1 All hydrometeor inputs should be in kg/ alttough the facilityexists to supply geciptation fluxes for
backward compdtility - use theflux_conversionmemberof rttov_profile_cloud. This faclity is deprecated
andwill be remored in a futue release

1 The subgrid hydrometeor fraction hasenegenealised using thdwydro_cfrac(nlevelsnhydro_cfrac) aray,
with nhydro_cfrac=nhydro correspondig to the hydrometeor specifigat. Thesehydrometeorfractions are
used toweight the caespnding hydrometeain the calculation of the effective clddraction. Providing one
hydrometeor fractin per hydraneteor correponds to the wrrent operationahpproach at ECMWF, described
in Geer et al(200%).

1 Backward compatibility & cloud fracton can be achieved byeting nhydro_cfrac=1, which applies one
cloud fraction profile b all hydrometeorsThis correpords to theoriginal effedive cloud fractionfrom Geer
et al. (2009a)

1 The opion of radative trander calculations in tens of brighhess temperate has bee removed
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il

A new approximate treatménof polarisation has been dded As described under the option
opts_scatt%ice_polarisation, this boostsextinction from frozen hydrometeorsin H-polarised chanels and
reduces it inv-polarisedchannes, doing a reasaablejob of reproducing a wdespread oberved pdarisation

of thescattering fromrbzen particlesand reducing/-H channédifferencesby upto around 10Kin the most
polarieed cloudy situatios. A full treatnent of plarisation § not yetpossible sinc&RTTOV does not do fully
polaiised raditive transfer.

The defalt value for theopts scatt%cc_thresholdoptionhas clangedfrom 0.05 to 0.001This specifes he

effedive cloud fractiorbelow which scatteripis ignored and the cleaky radiance ae regurned.

New RTTOWSCATT radar simulatar

il

= =4

Radar mode is activated by supplying thetmnal reflectivity argumentin the c#l to rttov_scatt To

deactivate radar mode, b argumentan beomitted or it can be aginter to nui().

Output is in the pw rtto v_reflectivity derived type. Altitudescorrespading to the reflectivities are fourid

radiance%geometric_height

Note tha radiance otputs are $ill present but are naaingless

In the case ofattenuated refldivities, the K (Jaobian) version s stricly only approprate br one
height/rage-gate at a timeand will need to be callethultiple times to build up the corre2D Jacobians
(heghts by channels). The full Kunctionaity will be added in a later relase.

RTTOV-SCATT sattering coeffieent generation:

f
f

=A =4 =4 -4

Renamefrom "mietable” to "lydrotabk"” because scatteringroperties no Inger come solely from Mie
calculations
Hydrotable file forma has changedind is notbackward comatible. Thesechanges support the radar
simulator the gerralisel hydometeor approachand the possibility oénhancd polarised scattering
Fix bugs whe¢h gave erroneous results whetteanptingto fill more than onehabit fromthe ARTS scdéring
databae
Internaly most calculations are noim Sl urits, but hydrotéale units arein the sare units as beforemeaning
nonSI [kmY] for extinction
Allow output of backscatter tablesrfactive instuments such as®ER add CPR
Make the hydrometw selectiorcompletely flexble, as for RTTOVSCATT.
Standarée o a 5hydrameteorconfiguration of Rain, SnowGraupel, @ud Liquid, Cloud Ice
New default mirophysi@l assumptions (based on IFS experiragah) are:
rain: Mie sphere, MarshalPalmer e distributon (unchanged)
snow: ARTSlarge plate aggregat€ield07 tropical sie dstribution (updated)
graugel: ARTS column Field07 tropical size idtribution (new)
cloud liquid: Mie sphere, Gamma sizéstdibution implemenéd within the newmodified gamma
framework (mostly unchangedin terms ofoptical prgerties but with small differences fronthe
previous gamma diribution, which wasmplementednternally usingsomescientificshortcut$

0 cloud ice:ARTS large ctumn aggregateGammaPSD with generalised modified gamma parameters

mu = 0, lambda = 1e4, ganamr 1 and NO free.

For frequenaés less tha 3 GHz, Mie catulations vill now be substituted Wen the Liu dtabag has been
requested.
Significantly more flexibility is available from the coeffient generation tool, wh new PSDs ioluding
Heymdield 2013, McFarquhar and Heymsfig 1997, and the generalisetbdified gammaf Pety and Huang
(2012).
A new integréon of optical propertiesover the PSDOs avalable, using logarithmicallymaced intergration
points which cover small size ins more acurately, ad a trapezium rathethéin rectangle ruleThe new
integration bds canhawe a major impat on optical prpetiesgeneragd with the Field 2007 $D. Hence he
new basis is used for all particles excepdw andgraupd, which retain the old iregration,becausetheyrely
on Field 2007 i this retairs backwad compatibilty and requires less resrmalisation (the numerically
integratedwvater contat is closer to that specifidaly the usérso may be scientifically bette
Theice permittivityno longerinfluences the default prop¢iesbutused ifMie spheresreoptionally choserto
represent icgarticles, thesewill use a pemittivity that hasbeenupdated toexactly that of Maetzler 2006
which is a very small change
Hydrotablefiles are stil normally expected to contaimperfrequency, not perchamel optical propertes, butat
v13 it is possible to suppl per-chamel hydiotable filesif dedred. Giving more flexibility in handling the
effect of polarisation on theptical propertie (while ill in the unpolarisedradiative tansfer world) and

O O0Oo0oo
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giving the possibility d usingmore sophisicated oriented partile mockls in the hydrotablegeneratbn, which
are expected to become available within thetilifie of v13.

1 A diagnostic mode for user® uncerstandhow singleparticle optical properties are conited to bulk
properties

Changes toPC-RTTOV

The number of PC scores ¢ simulate mug be spedied in opts%rt_ir%pc%npcscores (previously this was
deermned from he size of lte membersof the rttov_pccomp structue). The pcswores(l) memter of the
rttov_pccomp structue has keen removed and he outptt PC scoes from PGRTTOV are available in the
total_pcscores(:)membeilinstead.Therttov_pccomp structure mirrors tre rttov_radi ancestrucure See section.8.

Changes toHTFRTC (section 8.9

New HTFRTC cefficients ae availble basedon LBLRTM v12.8 and thecoeffidents ae now available inPASCII
format (in addition to netCDF formatd ghatit is not mandatory teonpile RTTOV aainst netOF to use HFRTC.

Emissivities for HFRTC are now input/dput onthe fixed centroid frequencies at whch monochromatigadiative
trander calculations are denas predictors for the PC regressiorevidusly the emissivities werprovided for the
reconstucted radanc channels. Th new apmach isanalogougo PGRTTOV for which amissivitiesare providedfor
the predictochannés. In adition, HTFRTCcan nowuse the new RTTOV IREMIS sea surface ssivity model.

Changes to subroutine interfacesand newsubroutines

The secondgy direct malel radiancesan now optiondy be calcuhted bythe TL, AD and Kmodels. To this rd, the
optiond radiance2 argument hasbeen added to the interfaces for tinov_tl/ad/k (Annexes J, K, L)
rttov_parallel_tl/ad/k ard rttov_all oc_tl/ad/k (Annex D)subraitines.

The rttov_alloc_dir ecttl/ad/k subrouinescan now alsobe used tdde)llocateall input/output arays and strucres
for RTTOV-SCATT as well aRTTOV (see Annex D)

The RTTOMVSCATT radar smulation capabilly is activated by supplyingnew optional reflectivity argumentgo the
rttov_scatt(_tl/ad) or rttov_parallel_scatt(_tl/ad) suboutines.There ae new subrotines rttov_alloc_reflectivity
andrttov_init_reflectivity , to allocateandinitialisethe newrttov_reflectivity structure(Annex D)

The interface to he rttov_alloc_scatt_prof subroutine to allocde the hydrometeorprofiles for RTTOV-SCATT has
changedo support the ugated handling of hydrometeortaga propertieAnnex D)

The inteface to the rttov_scatt_setugndex subroutine \kich sas up the chanels ad frequencies fo RTTOV-
SCATT simulationshas chaged tosupport the new polarisation approxiioa.

The IR emisdvity atlases now optionallallow output of theatlas PC scores andgenvectors, and the interface to
rttov_get emiscontairs new ogional argumatsto enalte this(AnnexF).

As naed aboe a newsubroutinerttov_init_emis_refl is avalable which carbe used to initialise all membg d the
rttov_emissivity andor rttov _reflectancestructues to zerdAnnex D)

The inteface to therttov_user_profile_checkinput sulroutine has chargl: this now ogionally sets afiqualityd
bitmask analgous toan element othe radiance%quality outpu array. Anew optiond argument also adws this
routine to check onlyhose profilevarialles requiredor MFASIS smulations.

List of subroutines with interfacechanges:

rttov_dloc_direct rttov_tl rttov_scatt rttov_alloc_scatt_prof
rttov_alloc_tl rttov_ad rttov_scatt tl rttov_scatt_stupindex
rttov_alloc_ad rttov_k rttov_scatt ad rttov_get_emis
rttov_alloc_k rttov_pardel_tl rttov_parallel scatt rttov_user_profile_checkinput
rttov_parallel_a rttov_parallé scatt tl
rttov_parallel_k rttov_parallel_scat_ad
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Summary of main new feauresin RTTOV v13

General:

1 New optical depth cefficient files ae available based oman uplated ( i v 13 p r etidal depthr o)
paranetaisation and trainel on LBLRTM v12.8 (section 3). For visible channels this includes a new
paraneterisdion for Rayleigh extinction which can optially be exdéuded fom simuations(section 8.2)

1 The geomatric altitude of each input pssurdevel is now availabl@s an ouput inthe radiance structure(Annex
0).

1 Updates to allow for new polarisatiin sensors like TROPICS with a fixed, but uneveixture of H and \+pol
in each chanel (section 8.4)

RTTOV-SCATT (section 8.7)

1 RTTOV-SCATT allows simulations wittan abitrary nunbe of hydrometeor tyes and ptionally with separate
cloud fractionprofiles per hydrometeor.

1 RTTOV-SCATT provides a ne rada reflectivity simulaton capaldity.

1 New approximatéreamentof pdarised satteing.

1 New scatteringoroperty ableswith improvedmicrophysicalrepresentatin of doud ice,snow and graupeiptical
propeaties

Visible/IR scattemg (sections 8.2nd 86):

1 Visible DOM simulations ca optionally include dill Rayleigh multiple scatterig.

1 Updatedcloud liquid water ptical properties based on updatedractiveindex dataset.

1 A parameterisation ofleud liquid water effective diameter hasdn implenentedfor use with the CLWAi De f f 0
visible/IR optical propeties so that input Deff valuesare not madatory:the parameteristion is used where the
inputclwde(:) profile values are zero.

1 For visible/IR doud simulations, the surfagpace and iel-to-space cloud extinction transrttances ¢n the
asurfacesatellte pah and excluding gas absetion) areoutput n the new tau_total cld and tau_levels_cld
members of théransmission structure.

1 MFASIS simulatons may now be run simultaneously (in Hzne cd) asIR scattering simulabins

Surface emissivity and flectanceupdates gectiors 7.5, 7.6and 84, andAnnexF):

1 The CAMEL 2007IR atlas nowprovides standardeviations from the CAMEL climatolyy rather than the older
UWIRemis standard deviations.

1 For the UWIRemis and CAMEL 2007 IR enissivity atlases, themissvity PC score and eigenegctors are ow
optional outputs from thrtt ov_get emissubroutine.

1 The profle skin specularity variable intduced in RTTOV v12.3 for use with thdo_lambertian option has been
moved intotherttov_emissivity structure sohat t canvary perchannel. TIs is now aso an active variable in tk
TL/AD/K.

I The diffuse reflectancesaed by RTTOV for downward emitteshé cownward scattered radiation are available as
an ouput in therttov_reflectancestructue. The value used fdhe dffuse reflectance can oponally be pecfied
by the user for wiblenearIR chamels.

HTFRTC (secton 8.9)

1 New wmefficients are availablbased on LBLRTM v12.&1 ASCII format as well agetCDF.

1 Emissivities arenow input oncentroid (predictorwaverumberswhich is consistentwith the wayy PGRTTOV
works.

1 HTFRTC nav supports RTTOV'IREMIS sea surfacemissivity model.

1 Optimisation of the HFRTCdirect and K models.

Technical updates:

1 The GUI has been updated to wowith Python3, ando supportnew RTTOV fedures includng al new options,
input d surface spedarity, and input/outptiof diffuse suface reflectancésee daskttov_gui_v13.pdf).

1 ThePython/C++wrapper has been updatdd suppot new features includg theRTTOV-SCATT updatedpassve
andnewactive simulaton capabilities(see @cdrttov-wrapperpdf).

1 Optimisation of te MFASIS model,which improves performance in the dif§dt/AD/K.

1 Optimisation of the RTTOVDOM AD/K modds.
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5. FORTRAN-2008 UNIX/LINUX installation and testing

RTTOV v13 is desjned for UNIXLinux systems. The stfareis succestully testedon Intel, Cray, and Apple Mac
systens andfor a range of Fortra@008 compilerslisted in thereport on the(RTTOV platforms/canpilers testedThe
code makes use of somcommon F203featuresand onecommonF20@B intrinsic (thegamnaintrinsic).

Thefollowing system componestae neededbeforerunning RTTOVv13:

UNIX or Linux operating system

Fortrar2008 compier

Perl\5.6or later

male utilities

gzip, gunzip, bzip2,bunzip2, xz, unxz

About 1GB of free disk spee is the minimum requied @though mae is necessary for hyperspectisdunder

coefficient scatteringopticd property PGRTTOV, HTFRTC, andemissivity/BRDF atlasdatfiles).

1 Memay requirments are strongly dependenton the instrumentbeing simulatednd thekind of simulations being
performed the simplestclearsky direct malel simulatias require of the oder of 10Mbytes.

1 Itis reconmended to compilRTTOV aganstthe HDF5library (v1.8.8 or higher including v1.10.xand \..12.% so
thatall RTTOV featuies areavailable(see sectin 5.2below).

1 The Bithon nterface and th&TTOV GUI require that f2py isnstalled. TheGUI has additionatequirements: see
the GUI wserguide in thedocs/ diredory. RTTOV is compéble with Python3 Python2 s no longe supported.

1 For HTFRTC RTTOV may optionally be complied aginst the netCDF v4 library to readthe smaller eCDF
coefficientfiles, otherwisehe larger ASCIHTFRTCfiles can be used

= =4 =4 =8 -8 -4

The RTTQV v13 pakage s avaibble asa compressedar file namedrtt ov130.tar.xz which shouldbe coped to your
0t RPTOV directory (e.g. ~userttov13) and extacted. This wi createvarious sub-directorieg(see below).

RTTOV v13 will not work with otler vesions of some ompilers. Thefollowing list gives te versiors of ®veral
common compilers kswn tobe comgatible (earlier versions arentesed and arenot supported:

1 dfortrani v4.8.5and later

M ifort7 v15.0.0 and late

1 pgf90i v16.10, v18.7

T NAGiT v6.1,v6.2

1 Cray Forrani v8.3.4

Known compiler issues:
1 Multithreaded comiation (endled by passingj to Make) does ot work consistently with someompilers
(notably gfotran and pgf90). This is a lorgjanding issue with RTTOV.
1 RTTOV v13 hes notbeen testd on IBM due to thdack ofasuitable system whin the NWP SAF.
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5.1 Unpacking the code

This is achievedusingthe command:

$tar xvf rtt ovli30.t ar.xz

Thefollowing subdrectories are created:

brdf _data/
build/

data/

docs /

emis_ data/

gui /

src/

rt coef_rtto v13/
rt tov_t est/
wrapper /

BRDF atlas datadatamustbe downloadedfrom web sitg

Scripts usd in building RTTOVand files containirg flags for various
compil ersérchitectues

Various ancillarydaa files

Docunentation

Emissivity atlas datad@tamug be downloaded fim website)
RTTOV GUI Pythonsource code

RTTOV Fortransoure code

RTTOV vi13 coefficiert files (see belw)

test scrips, input profilesfor tests, andeference output for tests
RTTOV Python wrapper andxamplecode cdling RTTOV from PyttonandC++

Section 3 gives informatim about tre availeble RTTOV opticd depthcoefficients A compretensiwe list of RTTOV
v13 codficientsis available viathe RTTOV v13web pageand this also mvides a ink to downbadtheolder RTTOV
v12 coefficientswhich can be ugkwith RTTOV v13;

https://nwpsaf.eumetsat.int/site/software/rttov/dowadidcoefficients/coefficieatlownload/

You shouldreferto this web page to determine the magipropriate coefficent file for your application.

The rtcoe f_rt to v13/ directoy containssubdirectoriesfor each kind d coefficient file. TherttovXpredYL /
directories contain optical déptoefficients based on vX predictors on Y levdlee sib-directoriesare as folows:

rtt ov13pred 54L/
rttov 13pred 101L/

rttov7pr ed54L/
ritov7pr ed101L/
rttov8pred  51L/
rttov8pred  54L/
rttovOpred  54L/
r ttovOp red 101L/

cldaer _vis ir/
cldaer _ir /

nfasis_lut/
hydr otable/
pc/

htfrtc  /

VIS/IRIMW sensorsall gas comhbiatiors, VIS+IR andIR-only, solar eabled
hi-res IR soundéfiles, all gas combinationsolar eabled

IR/IMW sensorsyariableOsz-only for IR, no optonal gases for MW

hi-res IR sunder filesvariableOs-only

SSU only,variade G;+CO;

IR sensorsvariableOz+CO,

VIS/IR sensrs,all gas conbinations(primarily variableOs+CQO,), solar enabled
hi-resIR souwnder files all gas @mbinations(primarily ibga® and fi7ga®), solarenabled

cloud and aerosalptical propertyfil es for use withVIS/IR rtcoeffiles
cloud and aeosol opticd propertyfiles for usewith rtcoeffiles containing only IR channels

(with fi_ironlydin the filenameor v7/v8predctor caefficientfiles)
MFASIS look-up tabke (LUT) files

MW scatteringoptical propety files
Principal Compoents(PG-RTTOV) coefficientfiles
HTFRTC coefficient files

In addition tothe v13 predictorcoefficiert files descibed in section 3 and the corresponding/vg/v9 predictor fles

there are:

1 Zeeman woefficient files fa SSMI/S py default expeded in therttov7pred54L/ diredory eventhough trey
are based on flerent numbers ofevelg i note that Zeemarfiles based a v13 pralictors are not yet

available.

1 SSUJ andPMR optical depth coeficient files basedon v13 pedictorsare rot yet availableso you should
continte to ug the existing v8 prdictor files.
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1 PC woefficients for 1ASI, AIRS and IASI-NG. The PGRTTOV codficients must be used with the v9
predictor 101 level optical depth coefficient files with which they were tréned. These are n the
rtto vOpred101L/ directory endc o n t pritav_cdimpatd i n narhee f i | e

1 Aerol and cloud atering coefficiens for most visible/IR sensors The defadt directory for the® is
cldaer_visir/ for all VIS/IR sensorsncluding hi-res IR sonders The channés in thescatering coeffidents
file must matchhe channks in thertcoeffile. In orderto use v7/v8 predictofiR only) filesfor sensors which
include visible chanels(e.g. SEVIRI),sepaate cloud/aerosol prepty files are provideth cldaer_ir/. These
should also b uised wih the v13 predictofi _ironlyd optical cepth coefficienfiles.

1  MFASIS LUT files fa use with the MFASIS fastvisible scattering model.

1 Hydrotablescontaining €attaing coefficients br most MW irstruments.

1 Input files for theHTFRTC modd.

The RTTOV distribution includesv13 predictor VIS/IR and MW coefficient filesfor a commonly used bget of
sensorsCoefficient files for all supportedensordncluding hi-res IR sounder coefficient files,attering PGRTTOV,
and HTFRTCfiles andthe emisivity and BRDF atlas datasetare available fromthe RTTOV website.

For the puposs of runnig the test suiteyou should ensureoefficient filesare phcal in the approprite directories.
An interactive <ript rttov_coef_davnload.sh is avaibble in the rtcoef rttovl3d directory which can be used to
download any o all coeficients inb the standrd bcaions in the coefficients déctory. Note thayou anly needto
downloadthe cefficients requied forthe simulatons you wish to @rry out. For example,thereisno need talownload
ary hi-res IR sonde coefficients unlesyou want torun simul@ionsfor aninstrument of that kind

Section 41 gives inbrmationon thev12/v13 inter-compatibility of the various coeficient files. This information is
alsoavaileble on the RTTOV v13 wefficient downloa page.

All coefficientsare suppled in ASClIformat except thosefor hyperpectral IR soundersand MFASIS LUT files due
to the lage file sizes the HDF3ormat isused.lt is possible & canvert coeficient files between ASCII, HDFB and
Fortran unformted ( finbai r y 0 ats,tHe dattemtwo bimg more dficient (though note that the binafprmat s ot
portable betweersystems).lt is al® possible to exact a sbset ¢ chanrels which redwces the file size and ca
improve performace particularly forhyperspetral sounérs The rttov_conv_coef.exe program perbrms these tasks
and is desgbed inAnnex A. If you require an ASCII version of an HDF5 coeféiot file, thiscan berequestedvia the
NWP SAF Helplesk.

RTTOV-SCATT hydrotable files maybe cowerted to binary famat wing the rttov_asciii2bin_scattcod.exe
executablgsee Annex A

HTFRTC filesare availablan ASCII and netCDFormats buicannotbe convertedrom oneto the oher.
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5.2 Compiling thecode

An interactiveshell script is awilable to compge RTTOV v13 which asks somequestios andthen runsthe necessy
commands talo the compiiation:

$ cd src
$../bui Id /rttov_compile.sh

There mus be a file h the build/arch/ directory containing he comjlation flags you wik to use. Ttereare example
files for various commoncomglers, or you can createa rew one: moraletils on tlis aregiven belav in the setion
ACreat i itegtur@congaraianfileo . I mto noakedse of multithreackd exeaition via therttov_parallel_*
routinesRTTOV must be cmpiled with OpenMP. Tts involves supplying a suitable flag toan appropriaé comgler.
Thereare ompiler flag files inbuild/arch/ for conpiling with OpenMP suppd with gfortran, pgf90, ifot and NAG.

RTTOV may be compiledimmediatelywithout requiringany extemnal libraries. However, some features of RTTOV
have aternal depedencies:

ReadingHDF5 wefficientfiles : requires the HDF5 brary.

Emissivity*/BRDF atlases : require theHDF5 library.

RTTOV GUI : requires the BF5 library.

Python irterface am RTTOV GUI : requirethat f2yy is installel.

HTFRTC : optionally useghe NetCDF v4 libraryotherwise eadthe larger ASCII cod files).

*The TELSEM2 MW eissivily atlas may bused withotiany externhdependencies abe atlasdata filesare in ASQI
format, butthe other atlass require theHDF5 library.

Compiling with the HDF5 library isrecommended Before compiling with HDF5 you mus$ first edit the
build/Mak efile.local file with the locaion of the HDF5 library. This involves specifyingthe path tothe library
instdlation in th e AHDF5 P RBIE ladlouncammentgaone fiFFLAGS HDF50 definition and one
fi L DF L AHBERO definition apgropriate toyour kuild of the library. Similary, if you want tocomgle against the
NetCDF library (optiond for HTFRTC) or against anexternal LAPACK library, you mustalso edit the relvant
sedions of build/Make file.local with the cetails of these litaries beforeunning thertt ov_compile.shsaipt. As noted
in section 4, smephysical consarns were updted in RTTOV v13 with the laestvaluesfrom NIST. If you wantto use
the RTTOV v12 values then youmust suply the _RTTOV12 maa in thecompilation: uncommenthe rdevantline
for your conpiler in Makefile.locd beforerunning rttov_compie.sh

Oncethe code is ompiled you will find bin/ ard lib/ directories inyour toplevel RTTOV direcry contaning the
RTTOV binaries and braries. Ondibrary is createdor each subblder within src/ and you should link 8 required
libraries in youw appliation (at the veryleastlibrtto v13 main and librttovl3 coef ioT seesection 6 formore
information). Tades5 and6 list all librariesand executdbs poduced by theébuild proces.

The file src/test/Makefile_examplesis an example dard-alone Makefile for the example_*F90 demonstration
programslt has a section at thep whichdescibes the vaiables ttat shouldbe edted with pathsappropriateor your
system. Tks is intendel & a demonstation of how to link your own code against the RTTOV libraries: he
example_*F90 executables i@ compiledby the RTTOV build proessso it isnot necesaryto use tlis Makefie to
compile the exanple code.

Notes o compiling with the HDF5library:

1. The HDF library must be builvith the Fortran interface(see theHDF doaumentatior).

2. In build/Makefile.local the FFLAGS_HDF5 variablelefines the _RTOV_HDF maao. It is importantto
swpply this macroto the comger so that the sedions of code which do HDF5 1/O are includedin the
compliation. For most Linux-based Fdrancompilers this is achieved bypassing D_RTTOV_HDF as seen in
the FFLAGS_HDF5 variable, but for XLF on AIX it is passed usingg WF,iD_RTTOV_HDF.

3. Notetha if you do NOT compilewith the HDF5 ibrary, you must NOT spply the_ RTTOV_HDF macro to
the conpiler (so the HDF5linesin Makefil e.localmug be commented ot

4. Before running RTTOV ensue te HDF5 library you compled RTTOV agaist is in your
$LD_LIBRARY_PATH or equivalent
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Compiling RTTOV manually

It is recommendedto usethe build/rttov _compilesh script descriled in the previos section, bt manual compilation
of RTTOV is possike. As naed aboveif compiling with HDF5 you must first edit the buil d/Makefile.locd file with
the locationof the HDF5 library, and likewise for the NetCDFlibrary.

RTTOV makes use fosome LAPACK sulroutines: tle source code for thess included wittRTTOV and by defait
you donot have to worry abut this. However,if you wishinstea to canpile against aexterral library containing the
LAPACK sulroutinesyou canspecty thislibrary in build/Makefile.local in a similar manner tdhe HDF5 library.

The genenl compildion proedureis then as fobws:

$cd src
$ .. [/ build/Makefi le.PL RTTOVHDF=L RTTOV_F2PY4 RTTOV_USER_LAPEK=1
$ make ARGHEmyarc h | NSTALLDIR=myinsta lIdir

The argumets in italics areoptional

The second step (rumy Makefile.PL to regenerdae the RTDOV Makefies) is not requiredif you are comiling
RTTOV for the first time "out-of-the-box' and you do notrequie either HDF5 or Pythonrelaed codeto be compiled
and youdo not wanto compileagainst an external LRACK library. However, if you are comiling RTTOV with the
HDF5 library or a LAPACK library or youwantto comple the RTTOV GUIor the RTTOV Pyhon interface,you mug
run Makefile.PL with ore a moreof the aguments shwn above:

RTTOV_HDF=1- requiredif compiling RTTOV againstthe HDF5 ibrary
RTTOV_F2PY=1- requiredif compilingthe RTTOV GUI or the RTTOV Pythoninterface
RTTOV_USER_LAPACK=1- requiredif compiling RTTOV aganst an &ternal LAPACK library

The agumerts to "make'are:

ARCH - this argument is optionalif omitted RTTOV & compila with gfortran, othewise "myarch"shodd correspond
to the nameof one of the fiesin the buildarch/ diredory. Thesefiles contan build flags for variouscomnon
compilergplatforms.You can add new onesee below for detks. Using *-openmpflags wil enable multithrealed
executiorvia the RTTOV pardlel interfaces:this is geneally recommended

INSTALLDIR - by default the buid process ceakes outputdiredories (e.g.lib/ andbin/) in the toplevel RTTOV
directory. Yau canoptionally sgecify "myinstdldir" to be andher path reldéive to the toplevel RTTOV direcbory to
contan thelib/, bin/and oter sibdirectories (useful if compiling RTTOV using moe thar one set otompiler flags).
Some examplesra given below, &lrunfrom within the src/ directory:

Compile RTTOV with gfortran without any exernd deperlendes:
$ make

Comgple all RTTOV code exduding the GUI and Pytlon intefacewith gfortrancomipler flags wth the HDF5library:

First edt build/Makefile.| ocal with the locaion of your HDF5 installation.
$ ../build/ Makefi le .PL RTTOV_HDF=1
$ make

Compile all R'TOV code with gbrtran-opermp compiler flags withthe HDF5library:

Firsteditbuild/Makef ile.local with the location of youHDFS5 installatio.
$ .. /build/Mak efile.PL RTTOV HDF=1 RTTOV_F2PY=1
$ make A RCH=d or tran - openmp
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Compilation: more details

This section isnot essenial readng but contairs some dditiond information about compildion which you may find
useful.

General notes

Progamsshoud be comjded with the C-style preprocssa optionsenabl@ to make us®f the #indude statementsdr
sutroutine delaratons. Note for most compilersthis implies you need.F90 asthe file exension whichis what is
provided. For users with HRcompilers it may benecessar to convert the.F9O0 file extensdns to.f90 for all the
routines.

Specifying arninstdlation directory

As descibed aowve, by default the build process cratesnew directotes @in/, lib/ etc) in the togevel RTTOV
directoly. It is possible ¢ specify a sibdirectory wherethe new diretories will be placed by suppying the
INSTALLDIR argu me n tmatk o hisifeature is usdul if compiling RTTOV with different compiler flagsor with
different compilers. Afte compilation andtesting the build drectories canbe moved to ararhtrary location (i.e.
outsidethe RTTOV drectory).

Spedlying external e¢épendeacies

The fil e build/Makefil e.local is used to specifythe locations ofexternal Ibraries in particularthe HDF5 library. As
noted above, fo the HDFcodeto be compiledecuires the RTTOV_HDF macro tobe passedd the compiler. 1 is
equally importantthatif the HDF code isnot requiredthis macro isnot sugplied to thecompiler.

The file containgemphtes for linking against the HDF5 library, the NetCDF library, anda LAPACK library. An
example forDrHook is dsoincluded: not thatin the case obrHook, the RTTOV saurce codencludes yomhook.F90,
a dummy routine, whch must beemoved from therc/main/ directory f you want to run withDrHook enabled.

The file al® containsa sectim demonstratig hov to sypply the _ RTTOV12macro to the compiér which will cause
the code tdye comjfled with the RTTQ/ v12 values of he physicatonstants instead di¢ updated valugseesecton
3).

Regeneratig the Makefiles

If the RTTOV code depadencies chage fa somerea®n or, if souce files are added aemowed from the src/
direcbry, orif you want to indude ©r remove)he HDF5 capbility the Makefies must k& regenerate This is easily
achieved a follows:

$ cdsrc/
$ ../build/Makefil e.PL RTTOV_HPB=1 RTTOV_FZ2Y=1 RTTOV_USER_APACK=1
$ make ARCH=mgrch| NSTALLDIR=nydi r clean

where RTTOV_HDF=1, RTTOV_R2PY=1and RTTOV_IBER_LAPACK=1are describedabow. It is importantto
remenber thatf RTTOV_HDF=1 wassupplied toMak efile.PL, thenM akefile.local mustsupply te_ RTTOV_HDF
macro to the compiler, ad likewise, if RTTOV_HDF=1 is not supplied to Makefile.PL, Makefile.local must not
supply the macro.

It is good practiceo doa méke clean 0 after unningM akefile.PL to awoid problems whe recompiling
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Creating anarchitecture configuration file

If the required architecture isnot includedin the build/arch/ directory tundled withRTTOV or if you would like to
customisethe instdlation of RTTOV it is possble to crea¢ anew configuratn file. This configuration file mustbe
installed in thebuild/arch/ directory and define tte following macrmos

FC: the nane of theFortran2008 compiler.

FC77 : thename of theFortran 77 comgler; thismight bethe sane asFC, possbly with some spdal options.
CC the name ofhe C compile

LDFLAGS_ARCH speciic flagsto pas © the lirker.

FFLAGS_MRCH: specift flags for the Brtran comger.

CFLAGS ARCH speific flags for theC compiler.

AR: the commad to crete a livary from object files.

NB The Fortan 77 and C compilers are ued to compile specificsaurce files.Howewer, the RTOV v13 software must
be compiled with a Brtran2008 compiler.

This configuration file mayalso define the folbwing macos:

FFLAG_MObDithis is the flag used pthe Fortrancompler to locate moduleifes it defaults to-l, but it is possble to
overiide thisseting.

CPP. thenameof the preprocessor; efaults tocpp.

Spedfic flags for someRTTOV souce files defining FFLAGS_ARCH_a will f orce the build sysim to compileunit
a.F90with these spetic flags.

In order touse the QJI or the Python interfaceRTTOV must be comjed with f2py sipport. The bllowing macros
shoud be defined:

F2PY: thisdefines the 2py commad and pecifiesthe Fortran compiler biag used (se¢hef2py docunentation for
relevant compiler names)

F2PYFLAGS_ARCH compiler flags topassto the F2PY ompilaion. Thisshould spedy the PIC(position
independent code)afy in the appropiate formfor therelevantFortran compiler.

F2PYLDFLAGS_ARCHInker flags fa the F2PY canpil ation.

The existindfiles inbuild/arch/ provide usefutempates.
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5.3 Running thetest suite

You shouldfirst navigate to bhe rttov_test/ diredory which containghe releyant scipts anddatafor testing RTTOV.
Unless othewise specifiedall files anddirecbries referred ton this secion may be fourd in this direcry.

RTTOV has a comprehesive and flgible testsuite basd on therttov_test.exe exeaitable wheh is runvia the
rttov_test.d script. This allevs most aspes of RTTOV to be configuredand tested from the comand-line andcan
compare te simulded autputs with iefererce data. Sme shell sdpts are ncluded wilich run the test ste for arange
of instrumeng, profies andoptions. These are desked i n CoteREIOVitesin g 0 s leelow. The output from
thesetess can be visualisedusing agraphical interface writen in Pyhon (ttov_test plot.py) which is described in the
RTTOV testsuite doementatiom in thedocs/directory.

In addition, there are seul standalore shell scrips which can be used toun the example_*.exe demongration
programs and alsothe adlitional test and examm executakes for RTTOV-SCATT and the emissivity and BRDF
atlasesThese a also decribed below.

Verifyi ngthe RTTOV build

NB Due b the way thelntel Fortran compilermanages menory, useis compilng with ifort on Linux may needto
increa® the stackize by exeutingthefollowing commandeforeall tests wil run carectly:

$ulimi t Ts unlimited

In addtion, if running the PCRTTOV K model with multiple threads undeifort, you may needto increase the
OperMP stack sizeas wdl to allow tests to run

$ expor t OMP_STACKSIZE=1000M

Severa shell ripts areprovidedwhich un the RTTOV test suitefor various instruments totest paticular asggcts of
RTTOV. Some of thesaipts require coefficientfiles to be dwnloaded fran the website (fo examplefor hi-res IR
souncers, visibleIR or MW scattering coefficients or PEGRTTOV wmefficients).Note thatthe hi-res IR soundertess
definad in the test sue expectcoefficient filesin HDF5 format.

In order to veriff your RTTOV instalation you can runthe following script without denloading anyadditional
coefficient files:

$./ test_ rtto v13.sh ARCH=myarch Bl N=bin dir

The ARCH parametershould match theone used whengu compiled RTTOV. TheBIN paramegr is optiond It is
only requied if theINSTALL DIR paraméer was supplied wheoonpiling RTTOV i.e. if the locdion of bin/ is not in
the toplevel RTTOV diretory. If specifed BIN mustgive the locatim of the directoy containing binary execuatbles
relative to tle top-level RTTOV distribution direcory (e.g.if you specifiedINSTALLD IR=install /gfortran when
building RTTOV then you should us8IN=install/gfor tr an/bin).

It is abo posdile toexecute th test suite i distributed computing erivonmert (e.g. superonputer) viaa scteduler:
you can opionally supply, for example SCHED _CMD=aprun. Each ercutable un byrtt ov_testpl will be cdled via
aprun in this case. Addional argunents can be suppéd using quoteseg. SCHED _CMD =0 a-fay awdn

The script abwe runs the RTOV direct, TL, AD andK models br a range of instrummésand compees the esults to
the suppled refeence dataThe test suite rapts whether ede individual test was succe$sl or not. Thee may be

cases where therare diferences intte least sigificant digits between est outputand the reference opmit due to
compiler-dependent rainding erors (epecially in he Jacobian outpdrom the K moel): these \ill be reported a
differences butre not cause for concer. Therttov_test/ diredory contans several other shell scripts @n be used to
test paticular typesof RTTOV simulatiors, but née thatsome will regiire you to dowioad the relevah codficient

filesfrom the website:
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test _fwd .sh tests the forwal modelfor a wide ange of instuments
test r tto v13.sh tests hefull code (direct/ T/AD/K) for arange ofinstrumens
test r tto v13 _hires.sh teds the full coddor hi-res IR sundes
test _solar. sh tessvisible/neaflR olar smulations
test m ulti _ins trument .sh tess RTTOV runningfor muttiple instuments tgether
test_pc.sh teds thePGRTTOV calawlations
test htfrt  c.sh tests the HTRTC calculations

You can run ag of these eriptsin the samevay asdesribed abo\e for test_rttov13.sh. Note that the test expect
HDF5 format coeffident files for hyperspectral IRounders.The scripttest_coresh callsal the almve scrpts and this
is run in the samevay as the indvidual scripts. However,it is not necesaly to run all the scripts to verifyyour RTTOV
instdlation: calling test_rttov13.shis sufficient.

A full description of the RTT® v13 ted suite mg be four in docs/rttov-testpdf (under the togevel RTTOV
direcbory). A brief overview isgiven here, butit is not necessary to readiito use RTTOV

The tests.U directory contains datarequired to run thdests: for each instruemt this defines pofile dat, the dhannel
and pofile lists, specifcation of surfaceemissvity and reflectaoe areference to theRTTOV coefficients, andso on.
Note thata small numler of testsdefined intests.0/are intendedor developers only anthe relewant coefftient files
are rot available(this mostlyinvolves coefficient files thahave historicallybeenavailable butre nolonger generated).
It is certainly rot necessanpr recommendedo run evay testdefinad in tests.0/and tle tests which are run bthe
scripts listedabove usecoefficients which ge awailable in thepackage or a thewebste.

Test ouputs for themyarch architectue ae loated intestsl.myarch/ 1 these are created when tlestd arerun. Test
referenceoutput crated on tb NWPSAF test pldiorms isheld in drectories withnanesendng in .2,

The rttov_ testexe binary executable ieated duringhe bulding of RTTOV (andlocated in thebin/ directory of the
build) is used taun oneor more tests. It 5 controllel by therttov_test.pl perl gript. A typical test run involve a
commard like:

$ .Irttov_tes t.pl  ARCHmyarch BIN=bindir TEST_LIST=hir s/0 01,av hrr /0 01 DIR ECT=1

The ARCH andBIN paametersare the same as describedad The TEST_LIST parameteprovides dist of tests
defined integs.0/ to run. In his case, onlyhe directcode is being teste(DIRE CT=1). Thetest suite dcumentation
provides a complete list of parameters whih may be supplied tottov_test.pl which alow amog all aspects b
RTTOV tobe testedThe 1ull list of parametersmay be isted by typing

$. Irtt ov_test.pl ARCH=myarch HELP=1
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Running examples 6code callig RTTOV v13

Severhexamplesof running the RTTOV forward modednd an exaple ofcalling the K modé are provided which are
intended toform a basidor your own appicatiors. They ae all inthe src/test/directay:

example_fwdF901 simple exampldor clearsky simulations

example k.F9071 simple example calling K model fotearsky simulatons

exanmple_atlas fwd.F907 same as eample fwd.F90, butdemonstraes use bemissiviy andBRDF athes
example_cld file_fwd.F90i visible/IR cloud satteringsimulations usig a cbud coeffigent file.
example_cld_param_fwd.F90i visible/R cloud scatering simuations ly passing the scattieig paametas into
RTTOV exdicitly.

example_¢d_mfasis_fwd.F901 visible MFASIS cloud scattering smulations.

example_ar _file_fwd.F90T visible/IR aerosl scatteing simulations using aerosol cofficient file.
example_aer_param_fwd.F901 visible/R agosolscatering simulationsby pasgig the scering paramegrs into
RTTOV explicitly.

1 example_rttovscatt fwd.FOOT denondrates callingRTTOV-SCATT

1 exanple_pc_fwd.F90T demonstrates calling RRTTOV

1 examgde_htfrtc_fwd.F90T demonstates callingHTFRTC

=A =4 =8 -8 =4

=A =a =4

Each d thee progems may berun viaa shell sript in therttov_test/ directay with the namerun_example *.sh
correspading to the exeatablename. Neathe topof each script is a small section &k inputs may e canfigured
such & the coefficient fie andits locationand the nane of the input fie(s) br profie data.The scrpts may be run by
typing (for exanple):

$ ./ run_example_fw d.sh ARCH=myarch BIN=bindi r

The ARCH and BIN arguments are deribedabove inthe i V dymg the RTT OV b ui | dTestrsferandei o n
outputs arein test_example2/. Input files for the script aren test example.1l/, and this is also whee the test outpu

are written. The outputs consist of files namedoutput exampe_ *.dat.myarch and diff files namd
diff_example_*.myarch showning the differences baveen tle test oytuts aml the réerence outputsThe dff files
shouldtypicdly have zercsize. In somecasgs,they might slow differences in the least significadigits which result

from cmpiler-depenéntfactors and areat caug for concen.

RTTOV -SCATT testing andexample code

The test_rttovscat.sh shél script maybe use toverify the RTTOV-SCATT cale, including theradar simulatarYou
may need to edit thfirst fewlines ofthis scrpt to speify the locationof the RTTOV coeficient files (by defaut
assumed to be irrtcoef _rttov13/rttov 13pred™4L/ and rtcoef rttovl3dhydrotable/). The script may then be run by

typing:

$ ./test_rttovscatt. sh ARCH=myarch Bl N=bin dir

Test refeence outpit is intest_rttovscatt.2/ Input files forthe script arein thetest rtt ovscatt.1/direcory, and this is
aso where the test output is witen. The autput conssts of files namedoutput.NN.rttov_scatt.myarch and
diff NN.myarch (where NN is 01, 02, etg, the later being diff files showingdifferences comparedo thetestreference
data. Thesaipt will exit clearly if no internal errors arund. Thediff files shauld typically hawe zero size if no errors
occurred.

There is ako anexample program mw_scatt/example_rttovscatt.F90 demonstating tow to perform direct ad
Jacohian calculationsvith RTTOV-SCATT. Oncetest_rttovscatt.shhas beemun, the required links t coeficient files
are set up withirtest_rttovscatt.1/ You may then call example_rttovscatt.exe (located inbin/) from thisdirecory to
run theexamplecode There is no referee output for thé examge program.
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Emissivity and BRDF atlastesting

To use he atlaseRTTOV must be compiled with HDF5 (see sent5.2). The onlyexceptionis the TEESEM?2 atlasas
the data filesfor this alas are n ASCII format. There is one testript peratlas:

1 test uwiremis_atlas.sh UWIRemis IR emissvity atlas

I test camel _atlas.s h CAMEL 2007IR emissivity atlas

1 test ca mel_clim_ atl as.sh CAMEL climatology R emissivity atlas
1 test telse m2atla s.sh TELSEM2MW atlas andinterpolator

1 test  cnrm_mwatlas.sh CNRM MW atlas

1 test brdf atlas.sh BRDF atlas

These ést saipts each runa test program for the respective atlafie Test programs intialise the atlas,return
emissivity/BRDF values for aseiies of prdfiles/locations and then dealloda the atlas. TheemissivitiedBRDFs are
written © anoutputfile. You may needto edit thefirst few lines of each script to specifiye locaion of the RTTOV
coefficient files (by default essumed tdoe inrtcoef _rtto v13/rttov 13pred54L/), and the locatin of the emissivig and
BRDF atlas data files (bgefaultassimed to bein emis_data/ andbrdf_data/). Note that the IR emissivity @i tests
requiretheall thelR atlasfiles to be dowrdaced (ircludingthe ®variancefiles ard theangular correctiofiiles).

The sciptsare al run in the same wayor examge:

$ Jte st _uwi remis_ atlas. sh ARCH=myarch BIN=bindir

For the emissivityatlases &4 refererte outputis in tes_emis atlas.2/ Inpu files for the scipts are n the
test_emis_atlas.1/ directory, and this is b0 where te test output is wtien. The autput consets of files named
output_* atlas.NN.myarchaccording to the mae ofthe ataswhereNN is 01,02, etc.The scripts alsavrite diff files
named diff_*_atlas.NN.myarch showing the differace between theest aitput and the reference quit. The
differernce fles souldhave zeroize.

Similarly, the BRDF atlas test myfene outpu is in test brdf alas.2/ Input files for thke <ripts are in the
test _brdf_atlas.1/ direcory, and this is &o where the tdsoutput is written. The output ensistsof a file named
output_brdf_atlas.1myarch. The script also writes a diff I§ named diff_brdf atlas.l.myarch showirg the
difference letween tle testoutputand the eferenceoutput. The differenceifes should haveerosize.
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6. RTTOV types, subrautines, librari es and exeatables

This setion summarises the output from theldyrocess ad the derived typesand suboutines intendebr your own
programs.

The build processproduces a library foreery directorywithin src/ that is included inte build target provided to
make. Table5 lists all librariecreated in thdib/ directay by the compilation and he assdated useflevel sibrautines
contaned tterein. All userlevel subroutine interfaceare detailedn the Annexes.

Table4 providesa list of derivedtypes (stuctures) whichyou may use in your applicatiorll types aredefined in the
src/main/rt tov_types.F90module. Ann& O provides dadils of all the cerived types. The two exceptionso this are
rtt ov_emis_atlas_data which is stord in src/emis_atlas/mod_rttov_emis atlas.F90 and rttov_brdf atlas data
whichis stored insrc/brdf_atlasimod_rttov_brdf atlas.F9Q Theseare sedto hdd datafor the land suface athses.

Table6 gives a Ist of all exectiablesproduced by the build pragssin bin/ and their purpcse. Mog test exeutables are
intended to be called viaeé Pel andshdl scripts foundin rttov _test/ See sectio 53 for more nformaton on caling
teg programs. Aside from thtest programsthe mostcommonly usedexecutabes arethe coefficient corversiontools
(see Annex A).

When calling RTTOV from Pyion te file rttov_wrapper_f2py.so must be in your currendirectoy or in your
$PYTHONPATH. Similarly, when using the GUIhe file rttov_gui_f2py.so must be in the currendireciory or
$PYTHONPATH. These fles are éund in thelib/ directory after compiléon. See tle separa¢ user guiés for he
wrapper and th&Ul in thedocd diredory.

6.1.Linking you code against RTTOV

When linking agairst RTTOV you only need tdink against the RTTOV libraries which cantain suboutines that you
have used (see TalBg Theorderin whichthe librares areihked is importantif library A dependn library B thenA
mug appear befor8 in the linking sep. You canlink the RTTOV librares adollows:

-Irt tovl3_wrapper -lIrtto v13_mw_scatt -Irtto v13_brdf _atlas

-Irto  vl13_emis_atlas -Ilrtto v13 other -Ir tto v13 _parallel
-Irtto  v13_coef io -lIrtto v13_hdf -Ir tto v13_main
- | hdf5h I_fortran - Ihdf5_hl - | hdf5_fortran - | hdfs

Thefile src/test/Makefile_exampesis anexanmple Makefile for theexample_*.F90executables which may be dsas
a tempéte for compiling your own mde which calls RTOV. As notedin sectio 5.2 the exampleexecuables ae built
when RTTOV is compled:this example Makefileis only for denmondration purpo®s.

6.2.Doxygen daumentation

Doxygen markup has been adbitothe ugr-level subroutinesand daa types. If you hae Doxygen instdled, you can
geneate thedoaumentation by runnimthe followingfromthetop-level RTTOV directoy:

$ doxygen docs/ doxygen _config _user

The resulting documentation can be found docgdoxygen_doc_use/. HTML documentabn can be found in
docddoxygen_cdbc_user/himl/index.html. This may be helpful as eeference wheneadirg secions 7 and 8: section

descibes thetednical aspectsof calling RTTOV including subroutine calls whitgecton 8 desaibesthe variouskinds

of simulation RTTOV can arry out.
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